Introduction
Tectonomagmatic discrimination diagrams are widely used to infer the original tectonic setting of volcanic rocks with the basic assumption that the characteristic chemical elements of the rocks used in these diagrams are relatively immobile from the period of rock formation to the present. These diagrams are of bivariate (Pearce and Gale, 1977; Pearce and Norry, 1979; Pearce, 1982; Shervais, 1982; Vasconcelos-F. et al., 1998 Vasconcelos-F. et al., , 2001 , ternary (Pearce and Cann, 1973; Wood, 1980; Mullen, 1983; Meschede, 1986; Cabanis and Lecolle, 1989) , and discriminant function based on element concentrations (Pearce, 1976; Butler and Woronow, 1986; Agrawal et al., 2004) . However, the newer multidimensional discriminant function diagrams based on log-transformed ratios Agrawal et al., 2008; Verma and Agrawal, 2011; Verma and Verma, 2013b; only require that ratios of chemical elements (and not the actual concentrations) remain practically constant.
Although there have been extensive evaluations of these existing diagrams indicating highly variable success rates in inferring the original tectonic setting of the region that the studied rocks represent (Verma et al., , 2011 Sheth, 2008; Verma, 2010 Verma, , 2013 Verma and Verma, 2013a; Pandarinath and Verma, 2013; Verma and Oliveira, 2013) , hydrothermally altered rocks have been used less for such evaluations.
Interaction of hydrothermal fluids with surface or subsurface rocks results in changes in their mineralogy and chemical composition (Nicholson, 1993) . These changes include the mobility of chemical elements from the solid to liquid or liquid to solid phase, or both. The extent of mobility of the elements depends on various parameters, including degree of hydrothermal alteration, porosity and permeability of rocks etc. Studies on hydrothermal alteration effects in geochemical parameters of volcanic rocks have indicated that some elements are mobile (for example, Si, Mg, Ca, Na, K, Li, Mn, Rb, Sr, Sb, Cs, Ba, and U in rhyolitic rocks in the Yellowstone drill cores (Sturchio et al., 1986) ; REE in basaltic rock fragments (Palacios et al., 1986) , in rhyolitic volcanic rocks (De Groot and Baker, 1992) , and in andesitic rocks (Kuschel and Smith, 1992) ; MnO, P 2 O 5 , Ta, Zr, and Nb in rhyolitic rock-cuttings of Los Azufres geothermal wells (Pandarinath et al., 2008) ) and some other elements are immobile (for example, Ti in obsidian (Dickin, 1981) ; Zr in oceanic basalts (Humphris and Thompson, 1978;  and Zr and Ti in rocks associated with volcanogenic submarine ore deposits (Finlow-Bates and Stumpfl, 1981) ; Ti, Al, Fe, Sc, Co, Y, Zr, REE, Hf, Ta, and Th in rhyolitic rocks in the Yellowstone drill cores (Sturchio et al., 1986) ; and REE in rhyolitic rock-cuttings of Los Azufres geothermal wells (Pandarinath et al., 2008) ). However, Zr and other immobile elements such as Ti can be highly mobile during hydrothermal alteration (for example, Zr in peralkaline rhyolites (Rubin et al., 1993) , Zr in rhyolite rocks of Los Azufres geothermal wells (Pandarinath et al., 2008) , and Zr and Ti in volcanic rocks (Kelepertsis and Esson, 1987; Verma et al., 2005) ).
One of the basic requirements for the reliable application of the older discrimination diagrams to infer the tectonomagmatic origin of the volcanic rocks is that the characteristic chemical elements, which are used in the diagrams, of the rocks are immobile from the period of rock formation to the present. Based on this assumption, several tectonomagmatic discrimination diagrams are developed to infer the original tectonic setting of volcanic rocks (for example, Zr (Pearce and Cann, 1973; Floyd and Winchester, 1975) etc.) . Recently, some studies have examined the application of some of the recently developed diagrams to altered rocks. Sheth (2008) evaluated some of the diagrams of and Vermeesch (2006) with data of ocean-island, arc, and mid-ocean ridge lavas from the Indian Ocean and reported that the log-ratio transformation and linear discriminant analysis appear to be powerful methods in tectonomagmatic discrimination studies. The classification tree-based discrimination of Vermeesch (2006) has already been criticized by Agrawal and Verma (2007) . Recently, Pandarinath and Verma (2013) evaluated the more recent and highly successful multielement discriminant function diagrams based on only element concentrations (Agrawal et al., 2004 ) and on log-transformed ratios Agrawal et al., 2008; Verma and Agrawal, 2011) with an application to the basic rocks of on-land and off-shore of northwest Mexico. They observed that these discrimination diagrams have successfully discriminated the original tectonic setting of younger and older on-shore rocks as well as sea-water altered deep-sea rocks and dredged material. Similarly, Verma (2013) successfully evaluated these multidimensional diagrams to infer an ocean island setting for the Hawaiian rocks and a transitional mid-ocean ridge to ocean island setting for the Icelandic rocks.
The postformation changes in the chemical composition of the hydrothermal altered rocks may influence the reliable applicability of these tectnomagmatic discrimination diagrams. Therefore, it is necessary to identify the extent hydrothermal alteration influenced changes in chemical composition of the rocks affect the reliable application of these discrimination diagrams to infer their tectonomagmatic origin. Consequently, in the present study, an attempt is made to determine the robustness of the recently developed and highly successful multielement discriminant function-based tectonomagmatic discrimination diagrams for identifying the original tectonic setting of hydrothermally altered rocks. For this purpose, I have selected the more recent highly successful multielement discriminant function-based diagrams for basic Agrawal et al., 2008; Verma and Agrawal, 2011) , intermediate (Verma and Verma, 2013b) , and acid rocks and applied them for inferring the original tectonic setting of the origin of the volcanic rocks in the drilled wells of the geothermal fields. The earlier discrimination function-based diagrams by Agrawal et al. (2004) were also included in this evaluation, because although these diagrams use only adjusted major element concentrations (not element ratios), they were proposed from an extensive database, which is not the case for the older discriminant function diagrams such as those by Pearce (1976) and Butler and Woronow (1986) .
Studied geothermal fields
Based on the availability of chemical compositional data in the literature for hydrothermally altered rocks, 7 important geothermal fields representing different regions of the world were selected for this study. The volcanic rock samples considered in this study are hydrothermally altered rock cuttings from different depths in the drilled wells of these geothermal fields. There are only limited numbers of geothermal systems, in the literature, which contained the geochemical composition of the altered rocks from the drilled wells. The selected geothermal fields are: (1) Ahuachapán Geothermal Field, El Salvador (3 geothermal wells (Agostini et al., 2006) ); (2) Berlin Geothermal Field, El Salvador (5 geothermal wells and 1 lava flow (Agostini et al., 2006; Ruggieri et al., 2006) ); (3) Cerro Prieto geothermal field, Mexico (2 geothermal wells; (Herzig, 1990) ); (4) Reykjanes geothermal field, Iceland (1 geothermal well (Marks et al., 2010) ); (5) Roman Volcanic Province, Italy (4 geothermal wells (Beccaluva et al., 1991) ); (6) Tendaho geothermal field, Ethiopia (3 geothermal wells (Gianelli et al., 1998) ); (7) Tongonan geothermal field, Philippines (8 geothermal wells (Scott, 2004) ). Among these geothermal systems, only the Ahuachapán, Reykjanes, and Roman Volcanic Province geothermal fields contained complete geochemical data (major and trace elements) and the remaining 4 fields have only the major element data for the drilled well rocks. The details regarding the number of geothermal wells, the total number of rock samples along with the corresponding depths in each well, and the available chemical composition data are presented in Table 1 .
Data analysis procedure
Rock types were determined using the computer program SINCLAS (Verma et al., 2002 (Verma et al., , 2003 . A total of 116 rock samples obtained from 26 geothermal wells representing 7 geothermal fields around the world are classified as follows:
(1) 64 are of basic and 5 are of ultrabasic type; (2) 37 rocks are of intermediate; and (3) 10 are acid rocks (Table 1) . The normal distribution of the variables was achieved by identification and elimination of outlier data points (Barnett and Lewis, 1994) from the software DODESSYS (Verma and Díaz-González, 2012) , which allows the application of the multiple-test method initially proposed by Verma (1997) and uses new precise and accurate critical values for discordancy tests (Verma and Quiroz-Ruiz, 2006a , 2006b , 2008 , 2010 .
The computer program TecD (Verma and RiveraGómez, 2013) was applied for actual counting of samples plotted in different tectonic fields in 20 multidimensional diagrams for basic and ultrabasic magmas (Agrawal et al., 2004 (Agrawal et al., , 2008 Verma and Agrawal 2011) , whereas a Statistica spreadsheet was used for probability calculations for intermediate and acid rock samples (Verma and Verma 2013b; . Fifteen new (Tables 2-4) . To limit the number of figures, numbers of samples plotted in each tectonic setting (IA = Island Arc; CA = Continental Arc; CR = Continental Rift; OI = Ocean Island, and Col = Collision) are identified based on their probability calculations, counted, percentages are calculated (wherever samples number more than 10), and are summarized in Table 5 for intermediate rocks and in Table 6 for acid rocks.
Ahuachapán geothermal field, El Salvador
The compiled database consists of major element and trace element data for 14 hydrothermally altered rock samples (10 intermediate and 4 acid rocks) representing different depths in 3 wells of the Ahuachapán geothermal field (Table 1 ). In probability calculations of the set of 5 new multidimensional tectonomagmatic discrimination diagrams based on major element composition data for intermediate rocks (Verma and Verma, 2013b) , the first diagram (with the tectonic setting fields of IA+CA, CR+OI, Col; Table 5 ) indicated 7 out of 10 samples in the combined field of IA+CA. The second (8 out of 10), third (7 out of 10), and fourth diagrams (6 out of 10) indicated a dominant IA tectonic setting (Table 5 ). The fifth diagram (with the tectonic setting fields of CA, CR+OI, Col), from which the IA setting is missing, can be considered inapplicable. This shows that the major elements-based diagrams of Verma and Verma (2013b) for intermediate rocks have consistently indicated an IA setting. Similarly, in the probability calculations of the set of 5 diagrams based on immobile major and trace elements (Verma and Verma, 2013b) , the first diagram (with the tectonic setting fields of IA+CA, CR+OI, Col; Table 5 ) indicated that all 8 samples plotted in the combined field of IA+CA, whereas all 8 samples plotted in IA tectonic setting field in the second, third, and fourth diagrams. The fifth diagram (with the tectonic setting fields of CA, CR+OI, Col), from which IA setting is missing, can be considered inapplicable. This indicates that, similar to the major elements-based diagrams, the set of immobile major and trace elementsbased diagrams of Verma and Verma (2013b) have also consistently indicated an IA setting for these intermediate rocks.
Similarly, the major elements-based diagrams for acid rocks have indicated a dominant IA setting, whereas the diagrams based on combination of immobile major and trace element for acid rocks (Verma at al., 2013) have suggested a dominant CA setting (Table 6 ).
The expected tectonic setting for the rocks of these geothermal wells is continental arc. Geochemical differentiation between island and continental arc settings is difficult. Therefore, it may be considered that these diagrams have indicated a general arc setting.
Berlin geothermal field, El Salvador
The compiled database consists of only major element data for 12 hydrothermally altered rock samples (3 basic, 1 ultrabasic, and 8 acid rocks) representing 5 wells of the Berlin geothermal field (Table 1 ). The set of 5 major element-based (Agrawal et al., 2004;  Figure 1 ) and the set of 5 major element log-ratios-based ; Figure 2 ) discrimination diagrams for the basic-ultrabasic rocks have suggested an IA setting for these rocks (Tables  2 and 3 ). The arc setting in each set of these diagrams is represented by island arc only and there is no continental tectonic setting field is present in these diagrams. Hence, it may be considered a general arc setting for these rocks.
The major elements-based diagrams for intermediate rocks (Verma and Verma, 2013b) have suggested a dominant CA setting for the altered rocks of the wells of this geothermal field (Table 5) .
The inferred CA tectonic setting for the rocks of these geothermal wells is consistent with the known tectonic setting for this geothermal field.
Cerro Prieto geothermal field, Mexico
The compiled database consists of only major element data for 14 hydrothermally altered rock samples (8 intermediate and 6 acid rocks) representing different depths in 5 wells of the Cerro Prieto geothermal field (Table 1) . All 4 diagrams of Verma and Verma (2013b) for all 8 intermediate rock samples (100%) have indicated a within-plate (CR+OI) setting (Table 5) , whereas the major elements-based discrimination diagrams of for acid rocks (4 out of 6 samples) have indicated a dominant CA setting followed by an IA setting for these acid rocks (Table 5) .
The known tectonic setting of CPGF is CR (extensional setting; Elders et al., 1984) . The tectonic setting indicated by the major elements-based diagrams for these altered rocks is consistent with the known tectonic setting of this geothermal field.
Reykjanes geothermal field, Iceland
The compiled database consists of major and trace element data for 50 hydrothermally altered rock samples (48 basic and 2 intermediate rocks) representing different depths in a well of the Reykjanes geothermal field (Table 1 ). All 3 sets of 5 diagrams for basic-ultrabasic rocks have clearly shown a dominant MORB setting. The diagrams based on major element ratios (Agrawal et al., 2004 ; Figure 1 ), major element log-ratios  Figure 2 ) and logratios of immobile major and trace elements (Verma and Agrawal, 2011;  Figure 3 ) have indicated, respectively, 91% to 96%, 56% to 94%, and 52% to 71% of the basic rocks representing the dominant MORB setting (Table 2-4). Some of these discrimination diagrams also indicated a less significant OIB setting.
The major element-based discrimination diagrams of Verma and Verma (2013b) for intermediate rocks have shown a combined within plate (CR+OI) and IA setting (Table 5) , whereas combined immobile major and trace elements-based discrimination diagrams of Verma and Verma (2013b) have indicated a clear dominant within plate (CR+OI) tectonic setting for these intermediate rocks. The diagrams of intermediate rocks (Verma and Verma, 2013b ) discriminate among the IA, CA, within plate (CR+OI), and collision (Col) setting fields but did not contain the MORB setting. Hence, in the absence of the MORB setting field, these diagrams have indicated a dominant within plate (CR+OI) tectonic setting.
The Reykjanes geothermal field, Iceland, lies along the mid-ocean ridge system in the North Atlantic Ocean. Table 2 . Tectonomagmatic origin obtained for the altered basic rocks from the wells of the geothermal fields by applying major elementbased discrimination diagrams of Agrawal et al. (2004) . Boldface italic font indicates the inferred tectonic setting for the basic rocks (IAB: island arc basic rocks, CRB: continental rift basic rocks, OIB: ocean-island basic rocks, MORB: mid-ocean ridge basic rocks).
Geothermal field Discrimination diagram
Total number of samples Number of discriminated samples (%)
IAB (1) CRB (2) OIB ( Marks et al. (2010) have reported that the major and trace element data of the drilled well rock cuttings have indicated a transitional MORB to OIB composition. Verma (2013) has applied the discrimination diagrams for deciphering the compositional similarities and differences between Hawaiian and Icelandic volcanism and has also indicated a transitional tectonic setting of ocean island to mid-ocean ridge (OIB-MORB) for the basic magmas of Iceland. Verma (2013) has concluded that the mid-ocean ridge system clearly influences the Icelandic magmas. The inferred tectonic setting for the hydrothermally altered geothermal well rocks of the Reykjanes geothermal field, Table 3 . Tectonomagmatic origin obtained for the altered basic rocks from the wells of the geothermal fields by applying major elementbased discrimination diagrams of . Boldface italic font indicates the inferred tectonic setting for the basic rocks (IAB: island arc basic rocks, CRB: continental rift basic rocks, OIB: ocean-island basic rocks, MORB: mid-ocean ridge basic rocks).
IAB (1) CRB (2) OIB ( Table 4 . Tectonomagmatic origin obtained for the altered basic rocks from the wells of the geothermal fields by applying the discrimination diagrams, based on log-ratios of immobile major and trace elements of Verma and Agrawal (2011) . Boldface italic font indicates the inferred tectonic setting for the basic rocks (IAB: island arc basic rocks, CRB: continental rift basic rocks, OIB: ocean-island basic rocks, MORB: mid-ocean ridge basic rocks).
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Iceland, in the present study is the dominant MORB setting followed by within plate (CR+OI) setting and is therefore consistent with the known tectonic setting for this geothermal field.
Roman Volcanic Province, Italy
The compiled database consists of major and trace element data for 4 hydrothermally altered intermediate rock samples obtained from 4 wells (1 rock sample from each well) of the Roman Volcanic Province (Table 1) .
The major element-based diagrams for the intermediate rocks (Verma and Verma, 2013b) have suggested IA and collision (Col) settings (Table 5 ). The combined immobile major and trace element-based discrimination diagrams of Verma and Verma (2013b) for these rocks have also suggested a dominant IA setting (Table 5) . Magma genesis and tectonic setting of the volcanism in the Roman Province was a subject of controversy between subduction beneath the Calabrian Arc (Edgar, 
1980) or related to a continental rift (Cundari, 1980) . It is also reported that their geochemical compositions are different to those of continental rift lavas but similar to those of island arcs (Thompson, 1977; Foden and Varne, 1980; Ewart, 1982) . The inferred dominant IA tectonic setting by the major and the combined immobile major and trace element-based discrimination diagrams (Verma and Verma, 2013b) in the present work also suggests that the geochemical compositions of these intermediate rocks are different to those of continental rift lavas (none of the samples have indicated the CR+OI setting) but similar to those of island arcs.
Tendaho geothermal field, Afar region
The compiled database consists of only the major element data for 12 hydrothermally altered rock samples (7 basic, 4 ultrabasic, and 1 intermediate) representing different depths in 3 wells of the Tendaho geothermal field. The major element-based discrimination diagrams (Agrawal et al., 2004 ; Figure 1 ) have indicated a clear dominant CRB setting (63.6%-90.9%; Table 2), whereas major elements log-ratios-based discrimination diagrams of (Figure 2 ) have indicated CRB (36%-73%) and OIB (27%-73%) settings for these rocks ( Table 2) .
The major elements-based discrimination diagrams of Verma and Verma (2013b) have also indicated a within plate (CR+OI) setting for the only available intermediate rock.
The Tendaho geothermal field lies in the Afar region in a 50-km-wide rift, considered to be the southern extension, on land, of the Red Sea structure joining the Ethiopian Rift (Gianelli et al., 1998) . Therefore, the rift tectonic setting inferred from these discrimination diagrams is consistent with the known tectonic setting of the region.
Tongonan geothermal field, Philippines
The compiled database consists of only the major element data for 10 hydrothermally altered rock samples (6 basic and 4 intermediate rocks) representing different depths in 8 wells of the Tongonan geothermal field (Table 1) .
Two sets of major element-based discrimination diagrams (Agrawal et al., 2004; for basic rocks have indicated a very clear IAB setting (100% ; Tables  2 and 3 ; Figures 1 and 2) , whereas the major elementsbased discrimination diagrams of Verma and Verma (2013b) for intermediate rocks have shown a dominant collision tectonic setting.
The Tongonan geothermal field is located in the Philippine archipelago and hence the known tectonic setting of this geothermal field is IA. The tectonic setting inferred by the discrimination by basic rocks (Agrawal et al., 2004; is consistent with the known tectonic setting of the region.
Overall performance of the multielement discriminant function-based diagrams
Overall performances of the more recently developed multielement discriminant function-based diagrams for basic (Agrawal et al., 2004; Agrawal et al., 2008; Verma and Agrawal, 2011) , intermediate (Verma and Verma, 2013b) , and acid rocks in inferring the original tectonic setting of the hydrothermally altered geothermal well rocks are as follows: (1) all the applied tectonic discrimination diagrams have inferred tectonic settings consistent, in general, with the known tectonic setting for 5 out of the 7 studied geothermal fields (Berlin geothermal field, El Salvador; Cerro Prieto geothermal field, Mexico; Reykjanes geothermal field, Iceland; Tendaho geothermal field, Afar region; and Roman volcanic provenance, Italy); (2) only the tectonic discrimination diagrams of the basic rocks have inferred the correct tectonic setting for the Tongonan geothermal field; and (3) the diagrams based on combination of immobile major and trace elements for acid rocks have indicated the correct tectonic setting for the well rocks of the Ahuachapán geothermal field, El Salvador.
Conclusions
The present study suggests that hydrothermal alterationinduced chemical changes in volcanic rocks may not significantly affect the application of the recently developed and highly successful multielement discriminant function-based diagrams for basic (Agrawal et al., 2004 (Agrawal et al., , 2008 Verma and Agrawal, 2011) , intermediate (Verma and Verma, 2013b) , and acid rocks . These diagrams, in general, successfully inferred the tectonomagmatic origin of the hydrothermally altered volcanic rocks in the drilled wells of the important geothermal fields of the world. This confirms the robustness of these diagrams in inferring the tectonomagmatic origin of igneous rocks. Verma SP, Verma SK, Pandarinath K, Rivera-Gómez MA (2011 
